With the growing emergence of pan-drug-resistant Acinetobacter baumannii (PDR-Ab) strains in clinical, new strategies for the treatment of PDR-Ab infections are urgently needed. Egg yolk immunoglobulin (IgY) as a convenient and inexpensive antibody has been widely applied to the therapy of infectious diseases. The aim of this study was to produce IgY specific to PDR-Ab and investigate its antibacterial effects in vitro and in vivo. IgYs specific to two PDR-Ab strains were produced by immunizing hens with formaldehyde inactivated PDR-Ab cells and isolated from yolks with a purity of 90% by water dilution, salt precipitations and ultrafiltration. IgYs showed high titers when subjected to an ELISA and inhibited the growth of PDR-Ab in a dose-dependent manner in liquid medium. Scanning electron microscopy assay showed structural modification and aggregation of PDRAb treated with specific IgYs. Freshly cultured PDR-Ab cells were nasally inhaled in BALB/c mice to induce acute pneumonia. The infected mice were intraperitoneally injected with specific IgYs using cefoperazone/sulbactam and dexamethasone as positive controls. The IgYs specific to PDR-Ab lowered the mortality of mice with PDRAb-induced acute pneumonia, decreased the level of TNF-α and IL-1β in serum and reduced inflammation in lung tissue. Specific IgY has the potential to be used as a new therapeutic approach for the treatment of A. baumannii-induced infections.
Introduction
Acinetobacter baumannii (A. baumannii) is one of the most common nosocomial acinetobacter and belongs to the non-fermentative Gramnegative bacilli. A. baumannii is responsible for many kinds of nosocomial infections, such as hospital acquired sepsis, pneumonia especially ventilator-associated pneumonia (VAP), skin and soft-tissue infections, wound infections, urinary tract infections, secondary meningitis and bloodstream infections [1] [2] [3] . Over the past 10 years, nosocomial outbreaks due to A. baumannii have been reported increasingly. This caused great threat to patients in ICU and increased mortality, hospital stay and medicine costs [3] .
With the wide use of broad-spectrum antibacterials, most strains of A. baumannii have been resistant to multiple antimicrobial agents [4] . Infections caused by A. baumannii are difficult to cure because its multiple intrinsic and acquired mechanisms make the bacteria frequently multidrug-resistant (MDR) to antimicrobials [5] . More seriously, pan-drug-resistant A. baumannii (PDR-Ab), defined as resistance to nearly all routinely tested antimicrobials [6] , were increasingly reported. Little drug is applicable when face to PDR-Ab infections.
Antibacterial resistance is a ubiquitous and relentless clinical problem that is compounded by a lack of new therapeutic agents [7] . The predicament of new antibacterial development in pharmaceutical industry promotes the innovation of antimicrobial therapy in biomedical field such as the use of antibodies.
Egg yolk immunoglobulin (IgY) is antibody transferred from serum to egg yolk of poultry in order to protect the developing embryo from potential pathogens. Using antigen-specific immunity response, a mass of specific IgY can be obtained from egg yolks of laying hens. Recently, IgY has attracted considerable interest as therapeutic and diagnostic agent. Up to now, specific IgYs have been widely applied to the treatment of infectious diseases caused by various kinds of bacteria, including Escherichia coli [8, 9] , Helicobacter pylori [10] , Salmonella [11] , Staphylococcus aureus [12, 13] , Streptococcus mutants [14] , Yersinia ruckeri [15] . Infections caused by virus, such as rotavirus [16] , coronavirus [17] and enterovirus [18] , could also be interfered by specific IgYs. Even so, IgY specific to A. baumannii has not been reported.
Different from traditional antibacterials, specific IgY is environmentally-friendly and does not elicit undesirable side effects, drug resistance or toxic residues [19, 20] . In addition, IgY possesses a large number of advantages over mammalian IgG such as cost-effectiveness, convenience, and high yield [20, 21] .
In this study, we prepared two IgYs respectively against two PDR-Ab strains of different sources, and estimate their antibacterial activities in vitro and in vivo. This will provide reference for using IgY in the treatment of PDR-Ab infections.
Materials and methods

Bacteria and animals
A. baumannii ATCC BAA1605, named as Ab-B in this study, was obtained from the American type culture collection (ATCC). Clinically isolated strain of A. baumannii, named as Ab-C, was isolated from the sputum of patients in Dalian Friendship Hospital. These two strains have been identified as PDR-Ab by drug sensitivity test in our previous study [22] . Hens used for immunization were 140-day-old Hy-line laying hens housed at a commercial poultry facility in Dalian, China. Male BALB/c mice, weighing approximately 18-22 g, were obtained from the Animal Care Center of Dalian Medical University (Dalian, China). Before the experiment, the mice had 2-3 days to adapt to their experimental environment [23] . All experiments were performed according to the Experimental Animal Management Law of China and approved by the Animal Ethics Committee of Dalian Medical University.
Production of IgYs against PDR-Ab
PDR-Ab strains Ab-B and Ab-C were respectively used as antigens for IgY production. Ab-B or Ab-C were cultured in Tryptic Soy Broth (TSB) media for 24 h and collected in PBS at a concentration of 10 9 cfu/ ml and then inactivated with 0.7% (w/v) formaldehyde for 24 h. The inactivated antigen suspensions were emulsified with an equal volume of complete and incomplete Freund's adjuvant for the first and subsequent booster immunizations, respectively. Hens were immunized according to reported methods [24] . Fifteen Hy-line laying hens were divided into three groups and immunized with the two vaccines and PBS, respectively. Hens were injected intramuscularly at three sites with a total volume of 1.5 ml for the first injection and 2.0 ml for two booster immunizations at 2-week intervals. Eggs were collected daily from the immunized hens after the first injection and were stored at 4°C before use [13] .
Isolation and purification of IgYs
Egg yolks were diluted with six volumes of distilled water and the pH was adjusted to 5.0 [25] . The suspensions were stored overnight at 4°C and clarified by centrifugation (10,000 × g). The water soluble fractions (WSF) were collected and then successively precipitated with 60% saturated ammonium sulfate and 14% (w/v) sodium sulfate. The precipitates were resuspended with distilled water and ultrafiltered with a Vivaflow 50 Tangential Flow Ultrafilter (Vivascience, Hannover, Germany) with a 100-kDa cutoff membrane, and lyophilized to obtain the IgY powder.
The purity of IgY obtained from different phases of isolation was assessed by means of sodium dodecyl sulfate polyacryl amide gel electrophoresis (SDS-PAGE). Standard IgY (purity > 90%, Promega, Madison, WI) was used as a reference. SDS-PAGE was carried out under non-reducing conditions with an 8% gel on Tris-Glycine System and stained with Coomassie brilliant blue according to the manufacturer's recommendations [26] .
IgY titer analysis
Titer of IgYs specific to Ab-B (B-IgY) and Ab-C (C-IgY) was determined by enzyme-linked immunosorbent assay (ELISA) conducted on WSF fractions [27] . Microtiter plate was coated with Ab-B or Ab-C at a concentration of 10 9 cfu/ml. The WSF fractions were firstly diluted 1:100 in PBS, then serially two-fold diluted. WSF fraction (1:2000 dilution) from the eggs of non-immunized hens, serum (1:2000 dilution) from immunized hens and PBS were used as negative, positive and blank controls, respectively. Horseradish peroxidase coupled rabbit anti-chicken IgG (Sigma-Aldrich, St. Louis, USA, 1:30,000 dilution) was used as secondary antibody. The reaction was stopped by 2 M H 2 SO 4 (50 ml/well). All the other reagents were added at a volume of 100 ml/ well. Optical density (OD) at 450 nm was read on microplate reader, using 630 nm as a reference wavelength. While OD sample /OD negative ≥2.1, the corresponding dilution multiple of the sample was determined as IgY titer.
Growth inhibition of specific IgYs to PDR-Ab
Lyophilized B-IgY and C-IgY powder (titer 12800) was dissolved in TSB liquid medium at concentrations of 5, 10 and 20 mg/ml and nonspecific IgY powder was dissolved in the same medium at a concentration of 10 mg/ml. All solutions were 0.22 μm-filter sterilized, in which freshly cultured Ab-B and Ab-C cells were respectively added at a final concentration of 10 6 cfu/ml. TSB liquid medium was used as blank control, the medium containing PDR-Ab was used as negative control, and cefoperazone/sulbactam (Pfizer, America) at a concentration of 5 mg/ml was used as positive control. Mixtures of bacteria and IgYs were incubated at 37°C with shaking at 100 rpm. OD 600 nm values of the suspensions were measured by a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) at 2 h intervals until that of the blank control (i.e., E. coli growth curve) reached stationary phase.
Scanning electron microscopy (SEM) assay
Lyophilized B-IgY and C-IgY powder (titer 12800) were dissolved in PBS containing 1% BSA to a concentration of 5 mg/ml. Nonspecific IgY at the same concentration was used as control. After the solutions were 0.22 μm-filter sterilized, Ab-B and Ab-C were added at a final concentration of 10 9 cfu/ml. All suspensions were incubated at 37°C for 2 h and centrifuged at 4000 rpm for 5 min. The sediments were washed with PBS twice and prepared as specimens for SEM assay and then observed using an electron microscope (FEI, America).
Death prevention of specific IgYs to mice with PDR-Ab-induced acute pneumonia
Seventy-two mice were divided into six groups. One group was used as blank control, others were modeled as acute pneumonia. Clinically isolated strain Ab-C was used to induce acute pneumonia in mice. Freshly cultured Ab-C cells (10 9 cfu/ml) were nasally inhaled in BALB/c mice at a dose of 100 μl. Acute pneumonia in mice was determined by status observation and histopathological examination of lung tissue. The powder of specific IgYs (titer 12,800) was dissolved in 0.9% NaCl to 20 mg/ml and sterilized with 0.22 μm filter. 20 mg/ml of cefoperazone/sulbactam and 0.5 mg/ml of dexamethasone (Shuanghe Pharmacy Company, China) were used as positive controls, and 0.9% NaCl was used as negative control. Mice received intraperitoneal injection of the agents at a dose of 250 mg/kg except for dexamethasone at 2.5 mg/kg 12 h before PDR-Ab challenge and then received one more injection at double dose 1 h after infection. The status of the mice was observed and the mortality within 24 h was recorded.
Effects of specific IgYs on cytokines in PDR-Ab-infected mice
Eighteen BALB/c mice were divided into six groups. One group was used as blank control, others were nasally infected with freshly cultured Ab-C cells (10 7 cfu/ml) at a dose of 100 μl. The infected mice were treated with IgYs and positive agents as described above. Blood was collected from the mice through retro-orbital puncture at 0, 2, 4 and 6 h of infection. Serum samples were prepared and stored at −80°C. The levels of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) in serum were detected by commercial ELISA kits (Jingmei Biotech, Beijing, China).
Histopathological detection
Six hours after blood collection, the infected mice were killed for histopathological detection. Lung tissue of the mice was fixed in neutral buffered formalin, embedded in paraffin, sectioned at 5 μm and stained with hematoxylin and eosin (H & E). Stained tissue sections were examined microscopically by a scientist who did not know what treatment the experimental animals were assigned to [28] .
Statistical analysis
Statistical analysis was conducted using SPSS 19.0 for Windows (SPSS Inc., Chicago, IL, USA). Data were represented as means ± standard deviation (SD) and levels of significance were evaluated using LSD test. The differences were considered significant at the level of p < 0.05.
Results
Isolation and purification of IgYs
IgYs were isolated from the yolks of immunized hens by water dilution and purified by salt precipitations and ultrafiltration. IgY has a molecular weight of 180 kDa as visualized in Fig. 1 . The purity of IgY increased significantly after sodium sulfate precipitation and ultrafiltration as documented by SDS-PAGE. The electrophoretic pattern of ultrafiltration fractions was in line with that of the standard IgY (purity > 90%).
Titer of IgYs
ELISA revealed the ability of the two specific IgYs binding with A. baumannii and showed the pattern of the immune response by the hens over 75 days. The titer of B-IgY produced by Ab-B-immunized hens increased after 10 days of initial immunization and reach to 12,800 at day 25. The highest titer (25,600) was reached on day 30 and maintained to day 55 (Fig. 2) . The titer of C-IgY produced by Ab-C-immunized hens increased after 15 days of initial immunization and reach to 12,800 at day 30. The highest titer (25,600) was reached on day 35 and maintained to day 60 (Fig. 2) . On the contrary, the titer of IgY produced by hens immunized with PBS was extremely low.
Growth inhibition of specific IgYs to PDR-Ab
Both of the two IgYs could inhibit the growth of the two antigen strains in liquid medium in a dose-dependent manner at concentrations ranging from 5 mg/ml to 20 mg/ml (Fig. 3) while nonspecific IgY did not show significant growth inhibition to the bacteria. However, the inhibition effect of both B-IgY and C-IgY to the clinically isolated strain Ab-C is lower than that to Ab-B. In a whole, the growth of PDR-Ab could be inhibited by specific IgYs with different extent, but could hardly be inhibited by nonspecific IgY.
SEM assay
SEM assay showed that the morphology of A. baumannii changed greatly after the bacteria were treated by specific IgYs (Figs. 4 and 5) . Crenation, structural modification and aggregation could be observed on the two PDR-Ab strains treated by specific IgYs. In contrast, bacteria grown with nonspecific IgY or alone were viewed dispersive, smooth and integrally.
Death prevention of specific IgYs to mice with PDR-Ab-induced acute pneumonia
Clustering, piloerection, hypothermia, tachypnea could be observed on Ab-C infected mice. Histopathological detection showed inflammatory cell infiltration in lung tissues (Fig. 6B) while little change was found in liver tissue ( Supplementary Fig. S1 in the online version at DOI: http://dx.doi.org/10.1016/j.biopha.2017.09.112), suggesting the model in this study was acute pneumonia.
Mice with acute pneumonia were treated by specific IgYs, antibacterial and anti-inflammatory agent, respectively. As showed in Table 1 , death did not happen in uninfected mice within 24 h. All death of mice in other groups occurred within 12 h of infection. Mortalities of mice in negative control group and dexamethasone-treated group were both 91.7% while that in cefoperazone/sulbactam-treated group was 33.3%. The mortality decreased to 8.3% when the mice were protected by the two specific IgYs individually. The ability of the two specific IgYs to prevent mice from PDR-Ab-induced death was stronger than that of cefoperazone/sulbactam and dexamethasone.
Effect of specific IgYs on cytokines in PDR-Ab-infected mice
The levels of pro-inflammatory cytokines TNF-α and IL-1β in serum of mice were determined by ELISA. The levels of TNF-α in all infected mice increased rapidly after PDR-Ab challenge, reached the highest values at 4 h and then decreased ( Table 2) . But the values of specific IgYs-treated mice were significantly lower than those of positive control and negative control mice (p < 0.05). After 6 h of treatment, TNF-α in specific IgYs-treated mice recoverd to normal level. The amounts of TNF-α in cefoperazone/sulbactam or dexamethason-treated mice were still in high level, but were much lower than that in negative control mice (p < 0.05). The levels of IL-1β changed in a similar trend (Table 3 ). These results indicated that specific IgYs could (p < 0.05) decrease the levels of pro-inflammatory cytokines in PDR-Ab -infected mice. 
Protective effect of specific IgYs on lung tissue of PDR-Ab-infected mice
Protective effect of specific IgYs to PDR-Ab-infected mice was further assessed by histopathological examination on lung tissue sections (Fig. 6 ). H & E stained section of lung from negative control mice at 24 h showed serious infiltration of neutrophils with filling of the alveolar compared with the normal control lung tissue ( Fig. 6A and B) . These pathological features are consistent with acute pneumonia. There was a significant attenuation of the above pathological features in the lung tissue of mice treated by cefoperazone/sulbactam or dexamethason ( Fig. 6C and D) . Mild edema of alveolar was observed on the sections of lungs from specific IgYs-treated mice, but no infiltration of inflammatory cells was viewed ( Fig. 6E and F) . These results further demonstrated the efficacy of specific IgYs to PDR-Ab infection.
Discussion
A. baumannii is a kind of ubiquitous non-fermentative gram-negative bacillus that is commonly associated with aquatic environments [29] . Owing to the high ability of colonization in a warm and humid environment and natural genetic transformation, A. baumannii has currently exceeded other bacteria as the most commonly pathogen in clinical laboratories. Chittawatanarat et al. found that gram negative bacteria were the major pathogens of VAP, among which A. baumannii ranked first [30] . With the aggravation of antibacterial abuse in recent years, A. baumannii is now resistant to multiple antimicrobial agents including β-lactam antibacterial, aminoglycosides, tetracyclines, quinolones and so on. Most existing antibacterials can do nothing to the infection caused by PDR-Ab strains.
In previous study, we obtained seven strains of A. baumannii from respiratory department and ICU of the hospital, which were determined to be PDR-Ab by chemosensitivity test against twelve antimicrobial 
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agents including minocycline, amikacin, ceftriaxone, ceftazidime, cefepime, cefoperazone, piperacillin, ticarcillin, meropenem, trimethoprim-sulfamethoxazole, levofloxacin and ciprofloxacin [22] . The tested strain Ab-C used in this study was one of the above PDR-Ab. The other A. baumannii strain Ab-B used here was also determined to be PDR-Ab by the same test. Generally, carbapenem antibacterial is the first choice for PDR-Ab infection [31] . After the first nosocomial carbapenem-resistant A. baumannii (CR-AB) strain was reported in 1991, CR-AB strains have been shown in increasing documents [32] . It was reported that 74% of A. baumannii were MDR-Ab and 55% of A. baumannii were resistant to imipenem [29] . Several mechanisms are responsible for the resistance of CR-AB, among which production of oxacillinases (OXA enzymes) is important one [29, 33] . We have documented that the PDRAb strains used in this study were resistant to meropenem, a new carbapenem antibacterial, and were positive for OXA-23, 51 and 58 enzymes [22] . So, the two MDR-Ab strains are suitable for estimating the Fig. 5 . Scanning electron microscopy of combination of IgY with Ab-C. A,E. Ab-C grew alone; B,F. Ab-C grew with nonspecific IgY; C,G. Ab-C grew with specific B-IgY; D,H. Ab-C grew with specific C-IgY. Magnification for A-D was 40,000; magnification for E-H was 160,000.
activity of new antibacterial agents against A. baumannii.
In this study, we use the two PDR-Ab strains obtained from different sources as antigens for producing specific IgYs. Results of bacteriostatic test demonstrated that the two specific IgYs did cross-react with the two PDR-Ab strains. Besides, we did antibacterial test on other 6 strains of MDR-Ab mentioned previously [22] , in which the two specific IgYs also showed antibacterial activity (supplementary Fig. S2 in the online version at DOI: http://dx.doi.org/10.1016/j.biopha.2017.09.112). These suggested that IgY against one PDR-Ab strain might be applicable to other A. baumannii strains.
Being gram-negative bacteria, A. baumannii cause disease by Fig. 6 . Lung histopathology of A. baumannii-infected mice received different treatments. A. blank group: lung tissue from normal mice; B. negative group: lung tissue from infected mice which were treated with 0.9% NaCl； C. cefoperazone/sulbactam group: lung tissue from infected mice which were treated with cefoperazone/sulbactam; D. dexamethasone group: lung tissue from infected mice which were treated with dexamethasone; E. B-IgY group: lung tissue from infected mice which were treated with BIgY; F. C-IgY group: lung tissue from infected mice which were treated with B-IgY.
Table 1
Mortality of Ab-C infected mice after different treatment. [34] . In vitro study indicated that the specific IgYs inhibited the growth of PDR-Ab in a dose-dependent manner. The antibacterial activity of the two specific IgYs was comparable to that of cefoperazone/sulbactam. Both B-IgY and C-IgY at 20 mg/ml could significantly inhibit the growth of PDR-Ab within 24 h. On a whole, the inhibitory effect of IgYs on Ab-C was weaker than on Ab-B. Isolated from clinical sample, Ab-C is resistant to antibacterial on a wider and stronger degree. Therefore, we used the Ab-C as a model-building strain for murine acute pneumonia. In our study, SEM assay indicated that specific IgYs enhanced the agglutination of MDR-Ab. It was reported that IgY could enhance the agglutination of bacteria causing a reduction in CFU rather than actual direct effects on individual bacteria [36] . SEM assay also showed cell crenation and structural modification on the surface of specific IgYstreated bacteria. These resulted from the combination of IgY with bacteria, and might reduce the attachment of bacteria on mucosa. The similar function of the specific IgY was ever reported about Helicobacter pylori attaching to gastric cancer cells [10] , and Salmonella attaching to intestinal cells [37, 38] .
In addition to agglutination and adherence-blockade, phagocytosis opsonization is another important mechanism of IgY mediated antibacterial activity [39] . After infection, the quantity of macrophages in local infected tissue increased by recruitment of circulating monocytes and/or in situ proliferation. The activated macrophages with pro-inflammatory phenotype produce various pro-inflammatory mediators, such as TNF-α and IL-1β, which play a central role in the inflammatory process [40] [41] [42] [43] . IgY binding may alter the electron cloud and/or electric field on the bacterial surface [44] , and consequently increase vulnerability of the bacteria cells to phagocytosis. Our previous study demonstrated that specific IgY increased the phagocytosis of S. aureus by milk macrophages [45] . Nie et al. revealed that IgY improved the phagocytosis of S. aureus by neutrophils [46] . In this study, though the increase of pro-inflammatory cytokines was observed in all model mice, the levels of TNF-α and IL-1β in specific IgYstreated mice were much lower and recovered to normal more rapidly than those in other groups. We inferred that IgY might improve the phagocytosis of macrophages to PDR-Ab, as a result, the quantity of macrophage recruited and activated in infected tissue decreased and the pro-inflammatory cytokines produced by macrophages reduced.
We have previously proved the protective effects of specific IgY as a substitution of antibacterial in rats with prevotella intermedia-mediated gingivitis [26] and in mice with lipopolysaccharide-induced endotoxemia [28] . In this study, mice model of Ab-induced acute pneumonia was builded by nasal inhalation of PDR-Ab and used to estimate the efficacy of specific IgYs against A. baumannii. Pneumonia is a common disease of respiratory system. VAP caused by multi-drug resistant Gram-negative pathogens, especially PDR-Ab, threats patients in ICU critically. With few novel antibacterial in late-stage clinical development, clinicians may soon be left with little choice for the treatment of PDR-Ab infections. The present study indicated that IgYs against PDR-Ab could prevent pneumonic mice from death and attenuate inflammation in the infected lungs.
Cefoperazone/sulbactam and dexamethasone were used as positive controls to compare with IgYs in this study. Cefoperazone/sulbactam, a compound preparation of cephalosporin and β-lactamase inhibitor, showed stronger antibacterial activity than specific IgYs in vitro. But its death prevention and anti-inflammatory effects in vivo were much lower than those of specific IgYs. Dexamethasone, an anti-inflammatory glucocorticoid, showed no death prevention effect and a little anti-inflammatory effect in mice with acute pneumonia. But the down-regulation effects of dexamethasone to TNF-α and IL-1β were not comparable with those of specific IgYs. Based on above, specific IgYs are more effective than cefoperazone/sulbactam and dexamethasone against PDR-Ab in vitro and in vivo. Considering its other advantages together, specific IgY may be a promising substitution of the current antibacterials.
In conclusion, specific IgYs produced by immunizing laying hens with PDR-Ab were able to inhibit the growth of A. baumannii in a dosedependent manner and protect mice from acute pneumonia induced by A. baumannii. The specific IgYs have the potential to be used as a new therapeutic approach for the treatment of PDR-Ab infections. Data are presented as means ± SD (n = 3). # p < 0.05 compared with the blank control at the same time.
* p < 0.05 compared with the negative control at the same time.
